Concrete is the most widely used construction material in the world. Many kinds of materials, elements and structures are fabricated with cement-based mixes. Reinforced concrete was industrially developed at the beginning of the 20th century, and it has stimulated tremendous developments in housing and infrastructures.
The electrons are transferred to other substances (oxygen, carbonate, sulphate, etc.) in order to become a neutral substance.
The mechanisms for the transfer of electrons from the metal to another substance can basically occur in two manners: directly or through an aqueous solution. The former is produced at high temperatures where water cannot exist in liquid form, while aqueous corrosion is the most common mechanism and it develops at normal temperatures.
Corrosion in the presence of liquid water occurs by an electrochemical mechanism [1] . Chemical reactions and redox processes occur simultaneously. Thus, metallic zones with different electrical potential due to the metal being in contact with a heterogeneous (in concentration) electrolyte or due to heterogeneities in the metal itself are the driving force of chemical reactions involving the exchange of electrons. The process occurs as in a battery where the oxidation of the metal takes place in the anodic zone, as shown in the first reaction, and a reduction takes place in the cathodic zone. For the case of neutral and alkaline electrolytes, the most common cathodic reaction is:
Therefore the electrons liberated in the anode circulate through the metal to the cathodic zones where they are consumed inducing the reduction of a substance (e.g. oxygen in the second reaction). The final corrosion product would be Fe(OH) 2 , Fe(OH) 3 or some oxyhydroxides derived from them.
For the case of acid solutions the most common cathodic reaction in the reduction of protons 2H + + 2e − → H 2 ↑ (gas) Figure 1 shows the development of the corrosion cell and illustrates the need to have a continuous 'circuit' for the corrosion to progress, as in the case of batteries. The elements of a corrosion cell in aqueous-type corrosion are:
1. the anode, where the metal is dissolved; 2. the cathode, where a substance is reduced and takes up the electrons liberated by the metal during its oxidation; 3. continuity across the metal between anode and cathode; 4. continuity across the electrolyte for the chemical substances to move and become neutral. 
Notions of electrochemical potential
Not all the metals have the same tendency to oxidize, that is, not all the metals are equally reactive. The activity of metals when in contact with an electrolyte can be expressed through Nernst equation:
where E is the actual potential, E 0 is the so-called 'standard potential', R is the gas constant, T is the absolute temperature, n is the number of electrons exchanged, F is the Faraday number and k is the equilibrium constant of the ions present in the electrolyte. k takes different forms depending on the type of reaction. For the Fe(II)/Fe (metal) system, k is represented by the activity of the ion Fe 2+ in the solution. Thus, if this activity is 10 −3 mol/l, as E 0 − 0.44 V (SHE), the equilibrium potential E is [2] : E 0 − 0.44 + 0.059 2 (−3) = 0.527 V.
The potential is a measure of the facility of exchanging of electrons across the metal/electrolyte interface and of the ease of the reduction reaction. The absolute potential values cannot be determined and therefore they are given by comparison with a redox reaction (e.g. that of hydrogen in the third reaction) which is taken as reference. That is why corrosion potentials are expressed with reference to the hydrogen electrode, or to any other reference electrode (calomel, copper/copper sulphate, etc.). These electrodes have very rapid redox exchanges and therefore constant reference potentials. Figure 3 shows the values of the most common reference electrodes taken as 'zero', that of hydrogen electrode.
Pourbaix diagrams
The potential exhibited by an electrode in a particular electrolyte depends on a set of factors: (a) the standard potential of the anodic and cathodic reactions, (b) the temperature, and (c) the composition of the electrolyte, that is, its ionic concentration. The last factor is very well expressed by Pourbaix [3] using pH-potential diagrams (Fig. 4) . These diagrams represent the conditions of potential and pH where a particular corrosion reaction is thermodynamically favourable (Nernst equation is used www.witpress.com, ISSN 1755-8336 (on-line) for the analysis of reactions). From the results the diagrams can be divided in three main zones: corrosion, passivity and immunity: The metals, when in contact with an aqueous solution may corrode, or become passive by the generation of a very stable oxide, or they may remain in a region of potentials where oxidation is not thermodynamically feasible (immunity). 
Polarization
In spite of the usefulness of Pourbaix's diagrams, they represent only equilibrium conditions and therefore, kinetic aspects are not taken into consideration in them. Kinetic aspects have to be studied by following the changes in potential (overpotential) from equilibrium conditions (those indicated in Pourbaix's diagrams). Any change in potential from equilibrium conditions is due to the passage of a current and the phenomenon is called 'electrode polarization' [1, 4] . In general, it can be written as:
where I is the current applied externally or recorded (if the change is induced in the potential), E c − E a is the change in potential (overpotential or polarization) and R is the electrical resistance of the circuit.
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A study of the types of polarization was carried out by Tafel in 1905 [4] to establish that for high enough polarization, the relation between the overpotential η = E c − E a and the current is:
where a is the order at the origin and b is the slope. This expression enables the calculation of 'Tafel slopes', the basic parameter to study the kinetics of corrosion reactions, and the so-called 'polarization curves'.
Calculation of corrosion rate
It was in 1957 when Stern and Geary [5] in a study of the behaviour of polarization curves established that around the corrosion potential, i.e. when the current or overpotential is very small, the polarization curves could be linearized and therefore the slope of the curve (Fig. 6 ) is directly proportional to what was named 'polarization resistance', R p : This resistance to polarization, determined by very small overpotentials, is inversely proportional to the corrosion current or rate through:
where B is a constant which is based on Tafel slopes (b a , b c ):
As the overpotentials needed to determine I corr are very small, the results of the method are non-destructive. The technique has been much developed and is now the basis for the current determination of corrosion rates in many metal/electrolytes systems. It was applied to the study of reinforcement corrosion by Andrade and Gonzalez [6] in 1970 and has been implemented in corrosion-rate-meters for measuring in real-size structures by Feliú et al. [7] .
Damage to structural concrete due to corrosion
The main factors leading to reinforcement corrosion are shown in surroundings of the steel provokes localized corrosion. Stress corrosion cracking (SCC) has been detected in prestressing and post-tensioned structures [8] .
Carbonation
Carbon dioxide is present in the air in proportions ranging from 0.03% to 0.1% depending on the local contamination. This gas reacts with the alkalinity of cement phases to give CaCO 3 as the main reaction product. This process leads into a decrease of the pH value of the pore solution from pH > 13 to pH < 8. At this neutral pH value, the passive layer of steel disappears and a general and uniform corrosion starts.
The CO 2 , being a gas, penetrates through pore network of concrete. If the pores are filled with water, the gas dissolves in the liquid water and the penetration is then very slow (Fig. 7) . If the pores are not saturated with water, then the CO 2 can easily penetrate by diffusion and reach internal parts of the concrete cover.
The carbonation reaction is then produced between the CO 2 gas and the alkaline ions present in the pore solution. Thus, in schematic form: The neutralization of the pore solution, on the one hand, includes the leaching of Ca from the Ca-bearing cement phases, starting with C-S-H, and on the other, provokes the lowering of the pH of the pore solution. Carbonation proceeds then in the water of the pore solution. If the concrete is very dry (Fig. 7) , carbonation is not feasible due to the lack of water for the reaction to be produced. The maximum carbonation rate is noticed then at intermediate relative humidities (RHs) between 50% and 70% approximately. The oxides generated induce cracking of the cover through cracks parallel to the reinforcements (Fig. 8 ).
Chloride attack
The two main sources of chlorides for concrete structures are marine environments and the use of deicing salts in roads in cold climates. Chloride ions can be present in the concrete, either because they are introduced in the mixing materials, or because they penetrate from outside dissolved in the pore solution. While carbonation implies a gas that needs the pore network partially empty, chloride ions penetrate if the pores are filled with water, or a marine fog impregnates the concrete. Chlorides provoke a local disruption of the passive layer leading to localized attack (Fig. 9) . The disruption is due to a local acidification induced by the protons liberated from the formation of iron hydroxides [4, 9] :
Depending upon the extension of the corrosion, cover cracking can appear or not.
In submerged structures, cracking is often not induced.
Chloride threshold
For the attack to develop it is necessary that a certain amount of chlorides reach the steel surface. This amount is known as the chloride threshold and it is not an unique quantity because it is influenced by many parameters. The main influencing factors are:
• cement type: fineness, C 3 A of cement, SO 3 content;
• presence of blending agents and their composition;
• curing and compaction;
• moisture content in concrete pores;
• steel type and surface finishing;
• local oxygen availability.
Too many parameters have prevented the identification of a single threshold value in the past [10] . More recent work [11] has, however, helped to identify the electrical potential as the controlling factor of the chloride threshold. Figure 10 shows the dependency. The same concrete induces different corrosion potentials, and this explains why the same concrete exhibits different chloride thresholds. The different corrosion potentials appear because of differences in the parameters listed above. Figure 10 indicates that there is range of corrosion potentials (from around −200 mV SCE to more noble potentials) in which the chloride threshold shows a minimum. When the potential is in a more negative/cathodic region, the amount of chloride ions inducing corrosion increases in coherence with the principles of cathodic protection [12] . Below a certain potential, the metal enters into the region of immunity of Pourbaix's diagram. The usual chloride threshold specified in codes and standards is 0.4% by cement weight, not far from the minimum value obtained in the tests shown in Fig. 11 , which was 0.7% by weight of cement.
The depassivation cannot be understood as an instantaneous process. Depassivation is a period of time during which the steel progressively becomes actively corroding (Fig. 11) . Events of activity-passivity may develop during a long period without negligeable loss of steel cross-section being caused.
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Stress corrosion cracking
SCC is a particular case of localized corrosion. It occurs only in prestressing wires, when wires of high-yield point are stressed to a certain level and are in contact with a specific aggressive medium. The process starts with the nucleation of microcracks at the surface of the steel (Fig. 12) . One of the cracks may progress to a certain depth, resulting in a high crack velocity due to which the wire breaks in a brittle manner in relatively short time.
The mechanism of nucleation, and mainly of progression of SCC, is still subject to controversy. Nucleation can start in a surface non-homogeneity, spots of rust or inside a pit. The progression in enhanced by the generation of atomic hydrogen at the bottom of the crack. Of the several mechanisms proposed to explain the process, the one based on the concept of 'surface mobility' seems to best fit the experimental results. Surface mobility assumes that the progression of the crack is not of electrochemical nature but due to the mobility of atomic vacancies in the metal-electrolyte interface [13] .
The only way to diagnose the occurrence of SCC is through the microscopic examination of the fractured surfaces in order to identify the brittle fracture. Thus, Fig. 13a shows a ductile fracture of a prestressing wire and Fig. 13b a brittle one (no striction is produced).
In the SCC phenomenon the metallographic nature and treatment of the steel plays a crucial role. Thus, quenched and tempered steels are very sensitive while the susceptibility of cold drawn steels is much lower. The use of the former is forbidden for prestressing in many countries.
Service life of reinforced concrete
When reinforced concrete started to be industrialized, it was believed that the material is going to have an unlimited durability. This is due to the supposition that cement alkalinity provides a chemical protection for the steel while the concrete cover is a physical barrier against contact with the atmosphere. However, after 20-50 years of exposure to different environments, steel reinforcement exhibits corrosion, this being one of the most serious durability problems due to the economical consequences of repairs. Prediction of service life or time to corrosion has generated an increasing interest during the past two decades.
Judging the more or less theoretical proposals for service life prediction, such as that of ASTM E 632-81 until present situation, where concrete Codes and Standards try to incorporate durability chapters, it can be said that the most well-known service life model was the one published by Tuutti [14] in 1982. Figure 14 shows the model which specifies two periods for service life:
Service life in this case is defined as t l . The initiation period, t i , comprises the time taken by the aggressive agents (chlorides or carbonation front to reach the reinforcement or passivate the steel). This is the relevant period if depassivation is www.witpress.com, ISSN 1755-8336 (on-line) identified as the end of service life. However, if a certain amount of steel deterioration is considered as part of the design life, a period of propagation, t p , can be considered until a certain 'unacceptable degree' of corrosion is reached.
This first proposal has been improved by other studies [15, 16] . The most common methodology followed at present when trying to design for reinforcement protection includes the following steps:
1. identification of aggressivity of the environment; 2. definition of the length, in years, of the service life, in addition to considering some special actions of maintenance or supplementary protection methods; 3. consideration of a calculation method for the attack progression; 4. specification of minimum concrete quality and cover depth.
Environmental aggressivity
Environmental actions are responsible for the lack of durability of reinforcement as they are the source of temperature cycles, of water supply through rain and snow, and of carbonation and chlorides. In general, no significant damage is noticed in indoor conditions, provided that no water is present due to leaking of pipes or lack of roof tightness.
Exposure classes are usually identified in Codes. Table 1 shows those specified in Eurocode 2 (CEN-1992 -part 1). In it, carbonation and chloride-containing ambients are separately considered.
Length of service life
In numerous standards, service life is defined as 'the period of time in which the structure maintains its design requirements of: safety, functionality and aesthetics without unexpected costs of maintenance'.
Services lives of 50-120 years are usually taken in relation to the types of structures. The explicit definition of length of service life has technical as well as legal implications, as civil responsibilities are involved for the designer and the constructor. Therefore, it should be considered as a reference period for the calculations, avoiding liabilities when these are not well specified.
Supplementary protection methods
In very aggressive environments or when the concrete element cannot have a sufficiently thick cover, supplementary protection methods should be specified from a design phase. The main methods are:
• cathodic protection, • galvanized or stainless steel reinforcement, • corrosion inhibitors, • concrete coatings.
The main advantages and disadvantages of these methods are briefly outlined in Fig. 15 [17] .
www.witpress.com, ISSN 1755-8336 (on-line) 
Corrosion induced by carbonation
Where concrete containing reinforcement or other embedded metal is exposed to air moisture, the exposure shall be classified as follows: Note: The moisture condition relates to that in the concrete cover to reinforcement or other embedded metal but, in many cases, conditions in the concrete cover can be taken as reflecting that in the surrounding environment. In these cases, the classification of the surrounding environment may be adequate. This may not be the case if there is a barrier between the concrete and its environment.
XC1
Dry or permanently wet Figure 15 : Supplementary methods of protection against reinforcement corrosion.
Calculation methods for attack penetration
The two main causes of corrosion, as previously described, are: the carbonation of concrete cover and the penetration of chloride ions. Carbonation usually progresses by a diffusion mechanism while chlorides may penetrate also with a combination of absorption and diffusion (tidal or splash zones). Hydrostatic pressure may also lead into permeation. That is, among these three mechanisms, the most common are diffusion and absorption. They are known to follow the law of the 'square root of time':
where x is the attack penetration depth (mm), t is the time (s) and K is a constant, depending on concrete and ambient characteristics. This square root law may be plotted on a log-log scale as shown in Fig. 16 , and as suggested by Tuutti [14] , which is very convenient and general.
Carbonation.
It is known to be a consequence of the CO 2 gas penetration through water empty pores and its dissolution in the pore water followed by the reaction with the alkaline compounds present there. Calcium carbonates precipitates and the pH of the pore solution drops to values near neutrality. At these neutral pH the steel depassivates and starts to corrode. The carbonation rate has been modelled by many researchers, although only three models will be commented. Those are the models proposed by Tuutti [14] Bakker [18] and Parrott [19] . The three models have the concrete requirements and climatic (humidity) loads as input factors. Tuutti [14] based his method on the known diffusion theory of 'moving boundaries', which offers the following expression for the calculation of the rate of advance of the carbonation front:
where C s is the CO 2 concentration in the atmosphere (mol/kg), C x is the amount of bound CO 2 (cement phases plus pore solution) (mol/kg), D is the CO 2 diffusion coefficient (m 2 /s), x is the carbonation depth (mm) and t is the time (s). Bakker [18] based his proposal on a diffusion solution of the first order, but taking into account the internal moisture content of the concrete due to the RH cycling. This leads to the introduction of the concept of 'effective time' of action of the carbonation, as it is known that carbonation cannot progress in wet concrete. The expression reached is:
where evaporates from concrete (kg/m 3 ), D c is the diffusion coefficient of CO 2 at a particular RH in concrete (m 2 /s), D v is the diffusion coefficient of water vapour at a particular RH in concrete (m 2 /s), C 1 -C 2 is the difference of CO 2 concentration between air and concrete (mol/kg) and C 3 -C 4 is the difference in RH between air and concrete (mol/kg). Parrott [19] followed a different approach offering an empirical solution based on the gas permeability of the concrete. Thus, he obtained an 'empiric expression' by mathematical fitting of carbonation depths measured in real structures. His fitting considers the 95% confidence range and the expression reached in function of the gas permeability is:
where x is the carbonation depth (mm), k is the oxygen permeability coefficient (m 2 /s), t is the time (years) and c is the CaO content in the cement (mol/kg). When applying eqns (10-13) to real data obtained from carbonated concrete, they give very similar results, as shown in Fig. 17 . The choice of preference depends on the available input data.
Chloride penetration rates.
Chloride ingress through concrete cover can occur in marine or salty environments. When the chlorides arrive to the reinforcement in a certain quantity, local rupture of the passive layer is produced and corrosion starts. The process of penetration can be modelled as a pure diffusion process or by the square root law where V is the chloride penetration rate V Cl [20] . In this case, the threshold of chlorides has to be pre-established as a front (Fig. 18) whose advance indicates the penetration depth of chlorides inducing corrosion. Plots similar to Fig. 17 can be then used.
For modelling chloride ingress other expressions based on Fick's second law are however more used. The solution more known is based on assumption of a semi-infinite media with a constant surface concentration, C s [21] .
where C x is the chloride concentration at the depth x and time t and D is a non-steady state diffusion coefficient. The current practice applies this equation to specimens tested in the laboratory in contact with a pond filled with NaCl solution (Fig. 19 ) or in cores drilled from real structures located in marine environments or in contact with deicing salts.
In the specimens or cores, slides are cut or ground parallel to the surface in contact with the chlorides. The equation is fitted, as Fig. 20 shows, to the graph of chloride concentration-penetration depth. By this fitting, the values of D and C s are obtained. The values of D are then used to predict further evolution of the chloride profile. At this respect it has to be taken into account that, as chlorides react with the aluminates of the cement paste, the process is slower than a pure diffusion or absorption. And the Diffusion coefficient has to consider the amount www.witpress.com, ISSN 1755-8336 (on-line) lower than that of C while both have the same risk for the reinforcement or even B supposes a higher one due to the higher total amount of chlorides.
• The D value is variable as well. It seems to decrease: with time, with higher external concentrations and with lowers temperatures. A time dependence of t has been introduced through [23] :
www.witpress.com, ISSN 1755-8336 (on-line) where t 0 is the initial time, t is any time and n is an exponent of value around 0.5. Although the predictions made with this time dependence are not so unrealistic, the power n is so predominant that neglects any other influence.
• The error function equation does not take into account any mechanism other than diffusion, when absorption is also of very great importance in many real environments. In fact, the skin of the concrete surface behaves usually different than concrete bulk due to: (a) the direct contact with environment developing gradients of moisture from outside to the concrete interior; (b) its usual different composition with higher amount of paste and mortar and therefore higher porosity compared with the interior; and (c) the progressive carbonation in the cases where it occurs. The skin of the concrete then may exhibit a different D value than the interior modifying the profile and showing a maximum in the chloride concentration as the figure indicates. Also wet and dry regimes can lead into similar shapes of chloride profiles. The solution of this type of profile has been modelled through a 'skin effect' [24] although the D value can be also obtaining by rescaling the depth axis to placing the 'zero' at the maximum which would be C s (Fig. 22 ).
The maximum tolerable amount of corrosion
Regarding the maximum tolerable amount of corrosion (loss of cross section of bars or "attack penetration", P x ) [14] in the case of new structures, both carbonation and chloride attack have to be considered separately. While in the case of carbonation a certain propagation period can be considered as part of the design service life www.witpress.com, ISSN 1755-8336 (on-line) (as the expected corrosion is homogeneous), almost no propagation period should be considered in the case of localised attack due to chlorides. This is because the uncertainties linked to how much localised and deep the corrosion pits may be do not enable at present the acceptance of such a risk from the design phase of the structure. With regard to a limit for the case of the carbonation attack, a general suggestion is to accept a corrosion penetration depth of about 100-200 µm. Assuming a corrosion rate of about 5 µm/year, this would aim at propagation periods of 20-40 years [25] :
where t i is the corrosion initiation time (years), t p is the corrosion propagation time (years), K c is the carbonation coefficient, PL is the penetration limit (mm) and CR is the corrosion rate (I corr , µm/year).
In the case of chlorides, the local attack may result in a very significant crosssection loss without negligible loss of metal. If the pits are very localized, the maximum propagation period to be considered should be 5-10 years [25] .
Propagation period
When the reinforcement starts to corrode, several damages occur. The four main consequences of corrosion are illustrated in Fig. 23 : (a) a loss of steel cross section due to the penetration of corrosion attack; (b) a loss in steel ductility due to the embrittlement caused by the corrosion inducing local acidification at the steelconcrete interface; (c) loss of steel-concrete bond due to the reduction of bar crosssection and the generation of iron oxides; and (d) cracking of concrete cover due to the pressure resulting from the production of oxides of higher volume than the parent steel [25, 26] . These damages affect to the load-bearing capacity of the whole structure and, in consequence, compromise the aesthetics, serviceability and safety, that is, the durability inherent to reinforced concrete as a construction material.
Detailed assessment of concrete structures affected by rebar corrosion.
The main objective of a structural assessment is the residual safety level determination, in order to establish an adequate intervention programme with the higher degree of available information. On the other hand, a structural assessment can also be used for calibration of more simplified methodologies [26] [27] [28] .
The three main aspects to be analysed in a structural assessment are:
• action, or better action effect, evaluated on the structure;
• deterioration process evaluation;
• safety or serviceability limit states verification.
The last two aspects will be explained below for structures affected by reinforcement corrosion:
Deterioration process evaluation. The attack by corrosion will be appraised by using a penetration attack, P x , which is the loss of reinforcement radius. P x is the main parameter that will allow a correlation with the general effects previously mentioned on the composite concrete-steel section [25] . This parameter can be measured visually from the residual diameter or estimated by means the corrosion rate I corr . P x is related to I corr by the expression:
where t is the time and α is the pitting factor which takes into account the type of corrosion (homogeneous or localised) [29, 30] . The determination of I corr in real structures will depend on several factors, and several strategies may be used for its determination in order to obtain a representative value of the loss of diameter P x [28] :
• Several measurements at different times in different environmental conditions, to obtain a mean value to be used in the calculation; this can be achieved by using embedded sensors.
• A single value which is averaged with I corr values obtained in a drilled core submitted in the lab to water saturation.
• The use a classification of exposure classes where representative corrosion values are proposed.
Reinforcement corrosion provokes on concrete-steel sections the effects shown in Fig. 23 . These effects are related to the P x value according the following principles:
Effective steel section reduction: Depending on the type of aggressive medium and the type of corrosion, their influence on the effective steel cross section is quite www.witpress.com, ISSN 1755-8336 (on-line) [25] . Thus, α = 2 in eqn (17) if the corrosion is homogeneous and α = 10 for very localized chloride-induced corrosion [28] . The calculation of the rebar diameter can be achieved through:
where Res is the residual diameter and 0 is the initial diameter.
Cover cracking: The oxides generated in the corrosion process provoke a tensional state in the concrete cover that will produce cover cracks of different widths, w, reducing consequently the cross-section of the concrete element and therefore their load-bearing capacity [31] . Several empirical expressions have been developed that can evaluate the crack width of the cover as a direct function of the corrosion attack P x , and several geometric and mechanical parameters. The expression that is suggested is:
The value of P x0 depends mainly on the concrete cover/rebar diameter ratio, C/ , and the tensile strength of the concrete f Ct,sp . Equation (24) provides an estimation of P x0 :
where β depends on the rebar position in the element according to Table 2 .
Loss of bond:
The concrete-steel bond is the responsible of the composite behaviour of both materials [28] . However, corrosion provokes a reduction in bond due to the cover cracking and stirrups corrosion. Finally a limit state of bond can be achieved. Three main aspects are considered:
Residual bond assessment: Table 3 shows empirical expressions obtained based on several tests that allow the determination of realistic residual bond values. All of them depend on the attack penetration P x .
For intermediate cases where the amount of stirrups is low, below the actual minimum, or the capacity of stirrups is strongly reduced by the corrosion effect, www.witpress.com, ISSN 1755-8336 (on-line) Where φ is the initial longitudinal diameter (mm), φ w is the transversal diameter (mm), n is the number of transversal reinforcements, α is the coefficient that depends on the type of corrosion, m is the adjust parameter and ρ reinforcement ratio.
the expressions in Table 4 
where f b is the bond strength (MPa), P x is the corrosion attack (mm) and p is the external pressure in the bond zone (MPa). This expression can be used for the bond strength evaluation of the rebar at element ends. Figure 24 shows an application of these expressions in a reinforcing bar diameter of 20 mm without stirrups (curve 3) or with 4φ8 stirrups. Curves 1 and 2 correspond to the bond reduction with a reduction at the end of the element without pressure (1 with homogeneous corrosion and 2 with pitting corrosion), curve 4 corresponds to an external force of 5 MPa.
Relationship between bond and crack width: Several expressions have been developed for relating the residual bond with the crack width (Table 5) . Structural analysis. The structural analysis can be carried out following the main principles of structures with linear-elastic analysis. It is important to identify the presence of cracks in sections produced by corrosion or not in order to reduce their stiffness in the structural model.
Limit state verification. Ultimate limit state:
For slab and beams, a conservative value of the ultimate bending moment can be calculated by using the classical models adding correction in order to take into account the reduced steel section and the concrete section spalled [28] . A possible reduction due to bond deterioration as a result of corrosion should be considered, especially if the corrosion attack is on the tensile zone of the beams.
www.witpress.com, ISSN 1755-8336 (on-line) Figure 25 : Time-history evolution of ultimate bending moment.
Although shear and bending moment are assumed to have the same safety in the design phase for beams without corrosion because the shear formulation is considered to be conservative, several factors may induce a premature failure of shear for corroded beams, such as:
• small diameters on stirrups, • lower cover for stirrups, • spalling of cover.
In order to check the ultimate axial effort of a column element, the reduction should be applied on the concrete section in the case of spalling, and if there are no stirrups, on the longitudinal bars subjected to compression due to risk of buckling.
Although no tests have been performed regarding punching shear it is possible to extrapolate the shear test to slabs in order to use a verification procedure for punching in slabs.
The time-history evolution of the load-bearing capacity is simplified by using a linear interpolation between the crack initiation and the spalling point of lateral and top covers. It can be proved that, for normal concrete sections the exact calculation (step by step) provide a negligible error using this simplification. Thus, it is necessary to calculate three points in Fig. 25 . The ultimate section effort (M U1 in the example) at the crack initiation point P x0 , the ultimate section effort (M U2 ) when the top cover spalled (it is assumed that the top cover can be neglected when the crack width at top is >0.2 mm), and finally (M U3 ) when the lateral cover spalls (the same criteria applies).
Serviceability limit state: The serviceability limit states to be checked should be [28] 
